ABSTRACT Similar to many eukaryotic viruses (and unlike bacteriophages), viruses infecting archaea are often encased in lipidcontaining envelopes. However, the mechanisms of their morphogenesis and egress remain unexplored. Here, we used dual-axis electron tomography (ET) to characterize the morphogenesis of Sulfolobus spindle-shaped virus 1 (SSV1), the prototype of the family 
nveloped viruses of eukaryotes, including important human pathogens, such as human immunodeficiency virus, influenza virus, or Ebola virus, typically escape their host cells via budding through cellular membranes, whereby they acquire the lipidcontaining envelope. Similar to many eukaryotic viruses (and unlike bacteriophages), viruses infecting archaea often contain envelopes and host-derived lipids (1) . However, the ways of their morphogenesis and egress remain largely unexplored. As a model for studies on the release of lipid-containing viruses of Archaea, we chose Sulfolobus spindle-shaped virus 1 (SSV1), the prototypic member of the family Fuselloviridae, which represents one of the most abundant and widely distributed archaea-specific groups of viruses (2) . The SSV1 virions are composed of four virus-encoded proteins (VP1 to -4) and one host-encoded chromatin protein (Sso7d), which together with host-derived dibiphytanyl glycerol tetraether lipids enclose a circular double-stranded DNA (ds-DNA) genome of 15.4 kb (3, 4) . The structure of the SSV1 virion has been recently investigated by using cryo-electron microscopy and image reconstruction; however, the obtained low-resolution (~32 Å) map offered no insight on the existence of an envelope in the virion (5) .
The assembly and release of SSV1 virions were studied using dual-axis electron tomography (ET) of lysogenic Sulfolobus shibatae B12 host cells. SSV1 production was induced by UV irradiation (3, 6) , allowing synchronization of the virus replication cycle. The increase in the number of SSV1 plaque forming units (PFU) in the culture of UV-irradiated S. shibatae cells was concomitant with a decrease in the number of colony forming units (CFU), indicating OBSERVATION crossmark loss of cell viability (see Fig. S1A and B in the supplemental material). Notably, following 24 h of growth, the SSV1 titer also increased in the nonirradiated control culture as it approached the stationary phase, likely due to spontaneous virus induction by starvation-associated stress. For analysis, samples were retrieved from the S. shibatae cultures at 0, 3, 6, 9, 12, and 24 h post-UV irradiation (hpi) and vitrified by high-pressure freezing. Two cell phenotypes were observed: (i) regular cells with an electrondense cytoplasm and intact cytoplasmic membrane (see Fig. S1C and F) and (ii) "empty" cells, seemingly devoid of the cytoplasmic content (see Fig. S1D ). In the control culture, the "empty" cells represented 4% of the population, whereas in the virus-induced culture their proportion increased to up to 50% (see Fig. S1E ). Closer examination of the "empty" cells revealed severe rupture of the cytoplasmic membrane (see Fig. S1G and H), suggesting cell death, consistent with the decrease in the number of CFU (see Fig. S1B ).
SSV1 virions were detected at the surface of the S. shibatae cells as early as 3 hpi (Fig. 1) . Preformed capsids or discernible virion intermediates were not observed in the cytoplasm. Instead, there was a bulge in the cellular membrane caused by the electron-dense material ( Fig. 1) , potentially corresponding to the previously characterized SSV1 nucleoprotein composed of the viral dsDNA complexed with proteins VP2 and Sso7d (3, 4) . Viral nucleoprotein was enclosed by an envelope derived from the cytoplasmic membrane. This observation suggests that SSV1 assembly, as seen with the assembly of some eukaryotic viruses (e.g., influenza virus [7] ), commences directly at the host cell membrane. Some virions were attached to the host cell surface, with their envelope continuous with the cell membrane (Fig. 1A) . Notably, the membrane in the virions appeared thinner (3.6 Ϯ 0.5 nm [mean Ϯ standard deviation]; n ϭ 35) than that in the host cell (5.0 Ϯ 0.2 nm; n ϭ 20). To further characterize the features of the host and SSV1 membranes, we compared the densities of the corresponding membrane layers (see Fig. S2A to C in the supplemental material). The generated line plots showed two clearly distinguishable surfaces of the cellular membrane, with the outer layer (OL) continuous with the OL of the SSV1 membrane. The density corresponding to the inner layer (IL) of the viral membrane was indistinguishable from that of the viral nucleoprotein core, although the IL of the host membrane was readily discernible (see Fig. S2A to C). To verify whether the membrane is retained after virion budding and is an integral part of the virion, we performed thin sectioning of resin-embedded purified viral particles. Transmission electron microscopy analysis revealed the presence of the envelope surrounding the electron-dense core (see Fig. S2D ), in accordance with the presence of host-derived lipids in the highly purified SSV1 virions (3).
The late stages of virion morphogenesis were linked with virion budding and release. At 12 hpi, 26% of the virions (n ϭ 27) showed a constricted budding neck of varied diameter at the trailing end of the virion bud ( Fig. 1B and 2A , panel i). We aligned two-dimensional (2D) contours representing the central longitudinal tomographic slices of the 7 virions and their budding necks to calculate the average profile of the budding virion and its neck ( Fig. 2A , panels ii and iii). The average diameter of the budding neck was 11.5 Ϯ 3.8 nm. To further confirm that the virions were constricted at the trailing end, we calculated the radius (R) of the osculating circle and obtained the meridian curvature (J) of the constriction, as 1/R (see the equation below). Budding necks were often asymmetrical along the longest axis of the virion ( Fig. 2A) , with meridian curvature ranging from 0.12 to 0.53 nm Ϫ1 , consistent with a general geometry of a budding neck.
The majority of SSV1 virions (74%), after separation from the cell membrane (Fig. 1C) , remained attached to the cell surface, presumably trapped in the protein surface (S) layer, which coats Sulfolobus cells (8) . ET analysis showed that the S-layer in virusinduced S. shibatae cells undergoes a significant morphological transformation. Prior to virus induction, the vast majority of cells (n ϭ 195) contained the semicrystalline, porous S-layer (thickness of 24 Ϯ 2 nm; n ϭ 10) with a hexagonal pattern and vertex-tovertex distance of~15 nm, characteristic of the members of the order Sulfolobales (9) (Fig. 2B , panels i to iii). Following induction, however, by 24 hpi~49% of the cell population (n ϭ 122) exhibited the more compact S-layer (thickness of 18 Ϯ 4 nm; n ϭ 10) that was devoid of the hexagonal pattern (Fig. 2B , panels iii to v). The hexagonal pores in the semicrystalline S-layer of S. shibatae cells were smaller (~15 nm) (Fig. 2B) than the smallest measured diameter of the SSV1 budding virions (~17 nm), indicating that the virion must disrupt the S-layer in order to get released. The less-structured, thinner S-layer might present a more permissive barrier for the budding virus. Indeed, we observed ruptures in the S-layer at the points where SSV1 particles were localized (Fig. 2B,  panel vi) , suggesting that the virus might locally disrupt the S-layer upon exit. Notably, some SSV1 virions (30%; n ϭ 27 at 12 hpi) contained discernible fibers on the leading tip of the viral particle (see Fig. S2E in the supplemental material); it remains unclear, however, whether these fibers represent the characteristic terminal appendages located at one of the pointed ends of the purified SSV1 virions (3, 5, 10) . SSV1 virions associated with the cell surface were either spindle shaped or rod shaped, suggesting that virions trapped in the S-layer are undergoing maturation through shape transition. The average virion width was 28 Ϯ 4 (n ϭ 11), 23 Ϯ 4 nm (n ϭ 27), and 27 Ϯ 4 nm (n ϭ 21) at 9, 12, and 24 hpi, respectively. To distinguish between spindle-and rod-shaped virions, we measured the length (Dl) and width (Dw) of the virions and calculated the corresponding aspect ratio, R a (Dw/Dl). The R a at 9, 12, and 24 hpi was 0.37, 0.25, and 0.39, respectively, indicating that both rodand spindle-shaped virions are present on the cell surface throughout infection. Remarkably, the virion aspect ratio was directly proportional to the budding neck diameter (Fig. 2A, panel  iv) . The spindle-shaped virions with a high aspect ratio (~0.5) had narrower budding necks, as opposed to rod-shaped virions, which exhibited rather large budding neck diameters ( Fig. 2A, panel i) . This observation indicated that the virion shape transition (maturation) is concomitant with budding neck constriction. Whether constriction is driven by virion maturation and whether cellular factors play a role in this process remain to be investigated. To elucidate if the shape transition and neck constriction also correlate with membrane scission, we compared the aspect ratios of the virions with budding necks and those of virions after membrane scission. The normal-fitted distributions of the aspect ratios of both budding and detached virions were similar, with an average of 0.35 (see Fig. S3 in the supplemental material). Thus, both rod-shaped and spindle-shaped virions are able to undergo membrane scission. Interestingly, some budding necks (n ϭ 4) contained a single electron-dense ring-like structure (Fig. 1B, white  arrowhead) , and in one case we observed a budding neck with two ring-like structures (see middle panel in Fig. 2A , panel i, middle; see also Fig. S2F in the supplemental material) . The spacing between the rings was 5.6 nm, and they were tilted at an angle of 65°w ith respect to the direction of budding. Similar spacing has been reported in various helical ESCRT-III assemblies, which are the key component of the cellular membrane remodeling machinery hijacked by many eukaryotic enveloped viruses during budding (11) . For instance, an interfilament spacing of 5.1 nm has been observed in the helical copolymer composed of human ESCRT-III subunits CHMP1B and IST1 (12) . Importantly, hyperthermophilic archaea of the order Sulfolobales, including the host of SSV1, encode functional ESCRT-based machinery which plays a central role during cell division, as demonstrated by different approaches, including a recent cryo-ET study (13) (14) (15) (16) . Thus, membrane scission during SSV1 budding is more likely to be driven by cellular membrane remodeling machinery rather than by shape transition, whereas virion maturation can occur either while budding or following membrane scission.
Collectively, our results provide a sequential view on the assembly and egress of the archaeal virus SSV1. The SSV1 nucleoprotein complex is extruded through the cytoplasmic membrane in the form of an enveloped, tubular structure which subsequently assumes the spindle-shaped morphology of the mature virion (Fig. 1) . Notably, some fuselloviruses, namely, members of the genus Betafusellovirus, have elongated rather than spindle-shaped virions in the native state (17); thus, maturation might not be universal for all members of the family. Our results indicate that SSV1 acquires the envelope by budding through the cytoplasmic membrane of the host, and the envelope is retained in the mature infectious virions. The final step in the budding process involves the formation of a budding neck, a structure observed prior to membrane scission in various enveloped viruses of eukaryotes (11) . Once membrane scission has occurred, the viruses locally disrupt the S-layer and are released into the environment. The proposed model bears clear resemblance to the exit strategy employed by enveloped eukaryotic viruses. Notably, our results indicate that a single-layer archaeal membrane composed of tetraether lipids (3) can undergo scission. In the future, it will be important to elucidate which viral and cellular factors play a role in virus release and whether parallels between the budding of archaeal and eukaryotic viruses can be extended to the molecular level.
Virus, archaeal strain, and growth conditions. Sulfolobus shibatae B12 was used as a host for SSV1 (10) . Virus induction was performed as described previously (3) .
Sample preparation for electron microscopy. Cultures at 0, 3, 6, 9, 12, and 24 hpi were pelleted by low-speed centrifugation and resuspended in a minimal volume of growth medium; SSV1 virions were concentrated by polyethylene glycol precipitation as previously described (3) and further processed into capillaries. Cell pastes or capillaries were transferred into a lecithin-coated sample holder type A and frozen with a high-pressure freezing machine (HPM 010; Bal-Tec Products, Middlebury, CT). Following cryofixation, the samples were freeze-substituted with 0.5% glutaraldehyde (Electron Microscopy Sciences, Washington, PA, USA), 1% OsO 4 (Merck Millipore, Germany), 0.2% uranyl acetate (Merck, Darmstadt, Germany), 2% H 2 O, and 4% methanol in acetone (Electron Microscopy Sciences, Washington, PA, USA) according to the following schedule: Ϫ90°C for 40 h, 5°C/h for 6 h, Ϫ60°C for 8 h, 5°C/h for 6 h, and Ϫ30°C for 8 h. The cells were rinsed three times in acetone and slowly infiltrated with Agar 100 epoxy resin (Agar Scientific, United Kingdom). After heat polymerization, 70-nm thin sections were cut with an Ultracut R microtome (Leica, Vienna, Austria) and collected on Formvarcoated copper grids (Electron Microscopy Sciences, Washington, PA, USA). Sections were poststained with 4% uranyl acetate for 45 min, followed by 5 min in Reynold's lead citrate. The grids were viewed using a Tecnai T12 transmission electron microscope (FEI, OR, USA) operated at 120 kV.
Electron tomography. For electron tomography, embedded cells were cut into serial 200-nm-thick sections with an Ultracut R microtome (Leica, Vienna, Austria) and collected on Formvarcoated copper slot grids (Electron Microscopy Sciences, Washington, PA, USA). The sections were decorated with 10-nm protein A-gold particles (EMS, Hatfield, PA) on both sides of the section and poststained with 2% lead citrate in water. Single-or dual-axis electron tomography was performed in a Tecnai T20 transmission electron microscope (FEI, Eindhoven, Netherlands) operated at 200 kV and equipped with a K2 Summit camera (Gatan, Pleasanton, CA). Tomographic tilt ranges were collected using the SerialEM program (18) , typically from ϩ55°to Ϫ55°with an angular increment of 1°at nominal magnification of ϫ14,500 and pixel size of 0.259 nm. For tomogram reconstruction we used the weighted back-projection method, and the measurements were done in the IMOD software suite (19) . The number of analyzed tomograms was 1, 1, 2, 4, 7, and 4 for samples vitrified at 0, 3, 6, 9, 12, and 24 h post-UV irradiation, respectively. Collectively, 61 budding events were recorded and analyzed.
The meridian curvature was calculated using the budding profiles, which were generated by outlining the membrane of the budding neck and exported to x-y coordinates. Each side of the budding neck profile was treated as a curve, which was fitted with a polynomial function with 2 terms within MatLab (MathWorks, MA, USA). This allowed calculation of the first and second derivatives of the fitted function and calculation of the curvature at each point of the curve (1/R) by an osculating circle method, where R was determined by the following equation: Figure S1 , PDF file, 1.6 MB. Figure S2 , PDF file, 2.1 MB. Figure S3 , TIF file, 0.1 MB.
